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CHARACTERISTICS OF A CONTINUOUS-FLOW  INDUCTION 

PLASMA ACCELEXATOR 

By J. D. Brooks, W. D. Beasley, 
and R. L . Barger 

Langley  Research  Center 

Cha:racteristics  of  continuous-flow  induction  plasma  accelerators  with a 
10-kilocycle,  single-phase  driving  coil  on  supersonic  nozzles  were  studied. 
Pressure  measurements  and  vane-deflection  measurements  were  made  in a 
15-centimeter-diameter  accelerator  at  various mass flow  rates.  Charged-particle 
velocities  were  obtained  in  15-centimeter-diameter  and  10-centimeter-diameter 
accelerators by measuring  with  photoelectric  detectors  the  time  required  for 
a change  in  flow  luminosity  to  travel a known distance. 

Pressure-probe  measurements  indicated  that  the  entire  flow,  including  the 
boundary  layer  and  the  separated-flow  region,  was  accelerated  in  the 
15-centimeter-diameter  accelerator.  The  largest  increase  in  pitot  pressure  was 
250 percent  of  the  cold-flow  value  with 20 kilowatts  of  10-kilocycle  driving 
power.  The  charged-particle  velocities  increased  as  the  mass  flow  rate  was 
reduced  and  as  the  power  was  increased.  The  maximum  charged-particle  velocity 
obtained  was 40,000 meters  per  second  in  the  10-centimeter-diameter  accelerator. 
Average  velocity  and  thrust  obtained  from  vane-deflection  measurements  were  in 
good  agreement  with  those  obtained  from  pressure-probe  measurements. 

INTRODUCTION 

The  electromagnetic  acceleration  of a plasma  to  extremely  high  velocities 
has  been  accomplished  both  with  and  without  electrodes  in  contact  with  the 
plasma.  Several  methods  have  been  investigated  which  produce a high-velocity 
transient  flow,  such  as  the  electromagnetic  shock  tubes  described  in  reference 1 
and  the  coaxial  electrodes  described  in  reference 2. High-velocity  continuous 
flows  without  electrodes  are  produced  by  the  induction  plasma  accelerators  of 
references 3 to 5. Such  flows  have  been  produced  with  use  of  electrodes  by  the 
crossed-field  accelerators  described  in  references 6 and 7. Electromagnetic 
accelerators  using  electrodes in contact  with  the  plasma  have  the  disadvantage 
of  introducing  impurities  into  the  gas  from  the  electrodes. 

The  experimental  investigation  of  this  paper  is  part  of  the  basic  research 
effort in  the  area  of  plasma  acceleration  of  the  National  Aeronautics  and  Space 



Administration;  with  particular  emphasis  on a continuous-flow,  electrodel-ess, 
induction  plasma  accelerator.  The  configurations  investigated  combine an accel- 
erator  driving  mechanism,  similar  to  the  device  described  in  reference 3 ,  
with  supersonic  nozzle  expansions so that a high-velocity  cold  flow  is  present 
prior  to  starting  the  accelerator.  Previous  experimental  investigations  have 
utilized an ionization  source  for  maintaining  the  plasma.  However,  with  the 
design  of  this  investigation,  the  ionization  source  was  used  only  to  start  the 
discharge.  Pressure  and  velocity  measurements  are  analyzed  to  provide a 
detailed  description  of  the  flow  and  the  overall  properties of the  accelerator, 
thereby  providing a basis  for  assessing  the  potential  capabilities  of  such  an 
accelerator  when  not  subject  to  the  power  limitations  of  the  present  laboratory- 
scale  device. 

The  primary  accelerator  component  was a 10-kc,  single-phase  driving  coil 
with a laminated  iron  core.  Pressure  measurements,  vane  deflections,  and 
charged-particle  velocities  were  obtained  in a 15-cm-diameter  accelerator  at 
mass flow  rates  from 0.035 g/sec  to 0.940 g/sec.  Charged-particle  velocities 
were  obtained in the  10-cm-diameter  accelerators  at  mass  flow  rates  from 
0.008 g/sec  to 0.080 g/sec.  Argon  gas  was  used in these  accelerators. 

SYMBOLS 

A 

Av 

A* 

F 

Fm 

F' 

Fi 

Q 

K 

k 

M 

m 

2 

cross-sectional  area  between  core  and  outer  wall  at  vane  location,  square 
centimeters 

area  of  face  of  vane, 1 square  centimeter 

cross-sectional  area of nozzle  throat,  square  centimeters 

thrust,  dynes 

momentum  thrust,  dynes 

thrust  per  unit  area,  dynes  per  square  centimeter 

thrust  based  on  charged-particle  velocity,  dynes 

gravitational  acceleration  constant, 980 centimeters  per  second  per 
second 

correction  factor  for  radial  variation  in  velocity  at vme location, 
0.67 for  present  investigation 

correction  factor  converting  millimeters  Hg  to  grams  per  square 
centimeter , 1.36 

Mach  number 

mass flow  rate, grams per  second 



P 

Pa 

Pt 

Pt ' 
r 

v 
W 

Y 

P 

e 

static  pressure  measured  at  wall,  millimeters  of  Kg 

outside  or  ambient  pressure, 0 in  outer  space 

total  pressure,  measured  in  stagnation  chamber,  millimeters  of  Hg 

pitot  pressure,  measured  total  pressure in flow,  millimeters  of  Kg 

radius,  from  center  line  of  accelerator,  centimeters 

velocity,  meters  per  second 

weight  of  vane, 1.9 grams 

ratio  of  specific  heats, 1.67 for  argon  gas 

gas  density,  grams  per  cubic  centimeter 

angle  of  deflection  of  vane  from  vertical,  degrees 

Subscript: 

max  maximum 

APPARATUS AND PROCELURE 

Plasma  Accelerators 

A 15-cm-diameter  plasma  accelerator  was  used so that  pitot-pressure  surveys 
could  be  made  across  the  stream  with a large-diameter  pitot-pressure  tube  with- 
out  choking  the  flow.  Three  10-cm-diameter  plasma  accelerators  were  utilized 
so that  the  induced  voltage  could  be  increased.  The  only  difference  in  the 
10-cm-diameter  accelerators  was  the  diameter  of  the  throat  which  changed  the 
Mach  number  by  changing  the  cross-sectional  area  of  the  nozzle  throat.  The 
cross-sectional  areas  of  the  nozzle  throats  were 0.57 sq  cm  for  the  l5-cm- 
diameter  accelerator  and 0.31 sq  cm, 0.51 sq  cm,  and 4.25 sq  cm  for  the  10-cm- 
diameter  accelerators.  Schematic  drawings  of  the  l5-cm-  and  10-cm-diameter 
plasma  accelerators  (also  referred  to  as  l5-cm  accelerator  and  10-cm  accelerator) 
are  shown  in  figures 1 and 2, respectively,  and  photographs  of  these  accelera- 
tors  are  shown  as  figure 3. The  10-cm-diameter  accelerator  is  shown  connected 
to  the  vacuum  system. 

The  circular  expansion  cones  of  the  plasma-accelerator  nozzles  are  made 
from  pyrex  tubing  and  have  expansion  angles of 20°. A laminated  iron  core  was 
mounted  coaxially  through  each  accelerator;  in  the  10-cm-diameter  accelerators 
the  laminated  iron  core  was  supported in the  settling  chamber  and in  the  vacuum 
chamber  to  avoid  choking  the  flow.  The  core  consisted  of a bundle  of 0.6-m- 
diameter  wires in a 5-cm-diameter  quartz  tube.  The  iron  core  was  located  with 
one  end  at  the  nozzle  throat  and  extended  for a distance  of 30.48 cm  downstream. 
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A silicone  rubber  plug  in  the  quartz  tube a t  the upstream end of the  core  pre- 
vented  the  core from moving i n  a31 upstream direction when the  accelerator was 
energized. The upstream  end of the  quartz  tube was vented t o   t h e   s e t t l i n g  
chamber. Argon gas was introduced  uniformly  into  the  settling chamber. 

,-Static-pressure  tube rF=== 
Pitot-pressure  tube 

Figure 1. - Schematic  diagram of the  15-cm-diameter  induction  plasma  accelerator. A l l  dimensions  are  in  centimeters  unless  otherwise 
noted. (Not to scale. ) 

Flow to vacuum Dump - 
_L 
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The 10-kc dr ive   co i l s  were 
wound  on the  conical  sections 
of the  nozzles  as shown i n   f i g -  
ures 1 and 2. The c o i l s  were 
water  cooled  and  had 18 turns  of 
0.64-cm-diameter i n s d a t e d  cop- 
per  tubing  for  the 15-cm accel-  
e ra tor  and 20 turns   for   the  10-cm 
accelerators.  A 3O-Mc radio- 
f requency  s tar t ing  coi l  was 
mounted j u s t  downstream from the  
10-kc dr ive  coi l .  The  power 
required from the  30-Mc osc i l la -  
tor   for   s tar t ing  the  discharge 
was generally  less  than 500 watts. 

The 10-kc,  single-phase 
power required  to   dr ive  the 
accelerator was obtained from a 
30-kW-motor generator   in  which 
the  output  voltage was variable 
from o t o  880 vol t s  ms. The 
power output was dependent on 
the  load and the  set voltage. 
The dr ive   co i l  was connected i n  
a para l le l   resonant   c i rcu i t  
which required a capacitor of 
approximately 5.7 FF and  an 
inductance of approximately 
44 MH. 

(a)  The 15-cm-diameter accelerator.  L-63-7741 

Vacuum System 

(b) The 10-cm-diameter accelerator  connected to the  vacuum system. 

Figure 3. - Photographs of plasma accelerators studied. 

L-63-3362 

The  vacuum system  consisted 
of  a vacuum  chamber connected t o  
a heat  exchanger  and  then t o  a 
mechanical  booster pump.  The 
10-cm plasma accelerator i s  
shown connected t o   t h e  vacuum 
chamber in   f i gu res  2 and 3. The 
mechanical  booster pump had  a 
pumping capacity of 75,000 t o  
100,000 l i ters/min  over  the 
operating  range, which was ade- 
quate t o  maintain  supersonic 
flow. 
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Instrumentation  and  Measurements 

Total  pressure  was  measured in the  settling  chamber  with an aneroid  gage 
that  is  accurate  within 2 percent.  Static  pressure  was  measured  at  the wall of 
the  accelerators, 11.5 cm  downstream  from  the  throat,  through  an  orifice  with 
an  inside  diameter  of 0.47 cm. In the  l5-cm  accelerator,  at  the  same  location, 
pitot-pressure  measurements  were  made  across  the  stream  (between  the  core  and 
the  outside  wall)  by  using a 0.47-cm-diameter,  stainless-steel,  open-end,  total- 
pressure  tube  with  an  inside  diameter  of 0.32 cm.  Static  pressure  and  pitot 
pressure  were  measured  with  thermocouple  vacuum  gages  that  were  calibrated in 
both  air  and  argon  gas.  The  accuracy  of  the  pressure  measurements  is  estimated 
to  be  within 5 percent  for  air  and  within 8 percent  for  argon  gas.  The  thermo- 
couple  pressure  sensors  were  located  within 7.6 cm  of  the wall'of the  accelera- 
tor  to  reduce  the  lag  time,  and  the  pitot-pressure  sensor  was  attached  to a 
block  of  metal  which  served  as a heat  sink  to  prevent  overheating.  The  metal 
shields of the  thermocouple  pressure  sensors  were  grounded,  and  shielded  wiring 
and a filter  circuit  were  used  to  prevent  interference  from  the  10-kc  drive 
coil  or  the  30-Mc  radio-frequencx  coil. 

At  high  mass  flow  rates,  the  pitot-pressure  measurements  made  in  the  l5-cm 
accelerator  near  the  center  of  the  stream  in a continuum  flow  are  accurate 
within  the  accuracy  of  the  instrumentation.  The  pitot-pressure  measurements 
made in the  boundary  layer  at  high  mass  flow  rates,  all  measurements  made  at 
low  mass  flow  rates,  and  static-pressure  measurements  made  at  the  wall  are  in 
some  error  because  the  flow  is  in  either  the  slip-flow  region  or  the  transition 
region  to  free-molecule  flow.  From  the  results  of  reference 8 the  total  error 
is believed to be  less  than 10 percent  at  high  mass  flow  rates  (above 0.25 g/sec) 
but  somewhat  greater  at  low  mass  flow  rates. 

The  method  used  to  measure  the  charged-particle  velocity  was  similar  to 
the  technique  described  in  reference 9. The  10-kc  drive  coil  induces  an  increase 
in luminosity in  the  stream 20,000 times  per  second  (once  each  half-cycle).  The 
change  in  light  intensity  was  observed  through  0.8-mm-diameter  collimating  holes 
by  photomultipliers  at  various  downstream  locations  as  shown  in  figures 1 and 2. 
The  photomultipliers  were  connected  to a dual-beam  oscilloscope.  Since  the 
photomultiplier  near  the  coils  observed  the  change  in  1ight.intensity  before 
the  other  photomultiplier,  the  respective  oscilloscope  traces  were  displaced. 
This  displacement  represents a time  lapse  that  can  be  used  with  the known 
collimator  spacing  to  compute  the  longitudinal  velocity  of  the  charged 
particles. 

The  vane  (or  pendulum)  was  made  of a dielectric  material  (glass-bonded 
mica)  and  was  located  in  the  center  of  the  stream 11.5 cm  downstream  from  the 
throat.  The  area  of  the  face  of  the  vane  was 1 sq  cm  and  the  total  weight  of 
the  vane  was 1.9 g. 

Vane-deflection  measurements  were  obtained  in  the  l5-cm  plasma  accelerator 
by  photographing  the  vane  in  the  deflected  position  before  and  after  the  accel- 
erator  was  turned  on.  Since  the  disturbance  produced  by  the  initiation  of  the 
discharge  caused a transient  oscillation  of  the  vane,  the  accelerator  was run 
for  several  seconds  to  permit  the  oscillation  to  die  out.  before  photographs 
were  taken. 
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The mass flow  rate  of  the  argon  gas w a s  determined by running  the  gas 
through a calibrated  sonic  orifice  and  measuring  the  pressure  upstream  with  an 
aneroid  gage. The mass-flow-rate  measurements are estimated t o  be  accurate 
within 5 percent a t  the  high mass f low  ra tes   used   in   the  15-cm-diameter accel-  
e ra tor .  The e r ro r  i s  be l ieved   to  be somewhat l a r g e r   a t   t h e  low mass flow rates 
used i n   t h e  10-cm-diameter accelerators .  

Procedure 

The procedure  followed in   obtaining  these data was to   s e t   t he   des i r ed  mass 
flow  rate of argon  gas  through  the  accelerator. The radio-frequency  oscil lator 
was started,   causing a br ight   discharge  in   the  accelerator   tube;   then  the 10-kc 
dr ive   co i l  was energized and s e t   a t   t h e   d e s i r e d  power level.   Since  the  radio- 
frequency  oscil lator  ( ionization  source) was not  needed to   sus ta in   the   acce l -  
erator  discharge,  it was turned  off  before measurements were made.  The addition 
of the  10-kc driving power increased the in t ens i ty  of the  discharge  and  caused 
the  discharge t o  extend downstream. Turning  off  the  radio-frequency  ionization 
source  had no apparent  effect  on the   i n t ens i ty  of the  discharge or on the  meas- 
urements,  perhaps  because the radio-frequency power was low compared with the  
10-kc driving power. A test   generally  did  not  exceed 10 t o  20 sec,  since the 
accelerator  core w a s  not  water  cooled  and  the change in   the  permeabi l i ty  of t he  
i ron  as it became hot would detune  the  10-kc  circuit   at   high power leve ls .  

RESULTS 

The pi tot-pressure  prof i les  measured across  the  stream  in  the l5-cm accel-  
e ra tor   a re   p resented   in   f igure  4. The var ia t ion  of  10-kc driving power, maximum 
pi to t   p ressure ,  and s t a t i c  w a l l  pressure  with mass f l o w  r a t e   i n   t h e  l5-m accel- 
e ra tor  i s  shown i n   f i g u r e  5 a t  three  values of the  dr ive  vol tage.   In   f igure 6, 
the   var ia t ion  of the  pressure  ratio  (ptl) ,xp  with mass f low  ra te   in   the  

l5-m accelerator  i s  presented. The charged-particle  velocit ies measured i n   t h e  
l5-cm accelerator  by means of two photomultipliers  placed  longitudinally  along 
the   d i rec t ion  of  flow are   given  in   f igure 7. The var ia t ion of mean free path 
of the   neut ra l   par t ic les   wi th  mass flow  rate,  from reference 10, i s  shown i n  
figure 8. The charged-part ic le   veloci t ies  measured i n   t h e  10-cm accelerators  
are   presented  in   f igure 9 and typical  oscil loscope  traces  obtained  with  the 
photomultipliers are given i n  figure lo. 

For comparison, the   idea l   th rus t   F i   tha t   could  be  obtained from t h e  plasma 
accelerators  on the  assumption tha t   t he   en t i r e   f l ow i s  moving a t   t h e  charged- 
pa r t i c l e   ve loc i ty  w a s  determined by using  the  following  equation for t h e   t o t a l  
t h rus t  as given in   re fe rence  11: 
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The  first  term  of  the  right-hand  side  of  the  equation  is  the  momentum  thrust  and 
the  second  term is the  pressure  thrust.  The  outside  or  ambient  pressure Pa 
was  assumed  to  be  zero  as in outer  space.  The  results  are  presented  for  the 
l5-cm  and  for  the  10-cm  accelerators  in  figures 11 and 12, respectively. 

The  actual  thrust  of  the  15-cm  accelerator  was  determined  from  the  vane- 
deflection  measurements  and  from  the  pitot-pressure  measurements. In both 
methods a uniform  distribution  of  velocities  about  the  circumference  was 
assumed. 

The  formula  used  with  the  vane-deflection  measurements  is  similar  to  that 
used  in  reference 12. The  momentum  thrust  per  unit  area  at  the  vane  is 

The  total  thrust  of  the  accelerator  can  be  approximated  by 

where A is  the  total  cross-sectional  area  of  the  flow  and K is a factor  that 
accounts f o r  the  radial  nonuniformity  of  the  flow.  The  factor K was  estimated 
to  be 0.67; this  value  was  found  by  integrating  the  hot-flow  pitot-pressure  pro- 
files  in  figure 4 and  obtaining an average  pressure  for  each  profile. For each 
profile a ratio  of  the  average  value  to  the  maximum  value  was  determined  and 
then  the  factor K was found by averaging  these  ratios.  This  averaging  proc- 
ess  assumes  that  the  momentum  thrust Fm = kgrApM2  (ref. 11) is  proportional 
to  the  pitot  pressure.  That  this  assumption  is  approximately  true  for  Mach  num- 
bers  above 1 is indicated  by  the  fact  that a plot  of  pt'  against M2 is 
virtually  linear  for  this  range  of  Mach  numbers.  The  difference  in  the  radial- 
flow  distribution  from  hot  flow  to  cold  flow  was  not  considered  in  detail  and 
the  value  of K was  assumed  to  be  the  same  for  both  cold  and  hot  flows.  Thrust 
values  obtained  from  vane-deflection  measurements  are  presented  in  figure 11. 

Thrust  was  also  found  from  the  radial  pitot-pressure  measurements  by 
determining  the  rate of change  in  momentum  from  the  settling  chamber  to  the 
pitot-pressure-tube  location  and  adding  the  pressure  thrust.  The  equation 
used  was 

- 
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Equilibrium  flow  with a specif ic-heat   ra t io  7 of 1.67 was assumed. These 
th rus t   r e su l t s   a r e   a l so  shown i n  figure 11. 

The momentum thrus t  i s  not  constant  over  the  cross  section  but can  be 
expressed by the   i n t eg ra l  

J 

This momentum thrust   has  been  approximated by the  methods previously  described 
and i s  p l o t t e d   i n   f i g u r e   l l ( a )  . 

Furthermore,  the mass r a t e  of flow i s  not  uniform  over  the  cross  section 
in   t he   r eg ion   i n  which the  measurements were  made. It, too, can  be wri t ten  as  
an in t eg ra l  

A velocity  averaged  with  respect  to mass r a t e  of flow  can be defined by 

where the numerator i s  obtained by multiplying  the momentum-thrust values i n  
f igure l l (a )  by the  gravitational  acceleration  constant g  and the denominator 
i s  simply the measured t o t a l  mass flow ra t e .  The average  velocities,  obtained 
by t h i s  procedure, i n   t h e  15-cm accelerator   are   presented  in   f igure 7. 

DISCUSSION 

Accelerator Design 

The design  of  the  induction plasma accelerator  with  the  annular  supersonic 
nozzle  and  the 10-kc drfving  coil   located on the  diverging  section  (figs.  1 
and  2) i s  superior  to  the  preliminary  configuration  used  in  reference 3 .  The 
design  used in   reference 3 had  a step  increase  in  diameter  at   the  10-kc-coil  
location and no flow p r io r   t o   s t a r t i ng   t he   acce le ra to r .  The accelerator was 
di f f icu l t   to   opera te   wi thout  mercury vapor  and would not  operate when the  radio- 
frequency  preionizing  coil was turned  off.  The present  accelerator had t o  be 
s t a r t ed  by the  radlo-frequency  coil and  continued t o  perform s tab ly   a f te r   the  
radio-frequency c o i l  was turned  off.  
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Figure 4. - Pitot-pressure  profi les at various mass  flow  rates,  across the stream in the 15-cm-diameter  plasma  accelerator. 
(Symbols  with  ticks  indicate  static  pressure at  wall. ) 
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The principle  of  operation  of  the  induction  plasma  accelerator i s  similar 
t o   t h a t   u t i l i z e d   i n   t h e  WelLknown laboratory  experiment  demonstrating  the 
electromagnetic  repulsion  of a metal r ing  (ref.  1 3 ) .  In   the  present   acceler-  
a tor ,  a 10-kc coil   induces  current i n  the  preionized  gaseous  secondary  instead 
of i n  a metal ring. The indu.ced current i n  t he  gaseous  secondary i s  out  of 
phase  with  that   in   the 10-kc  primary c o i l  so that   the   charged  par t ic les  are 
&iven away from the   co i l .  

Since  the  neutral-gas  acceleration i s  due t o   c o l l i s i o n s  between the  high- 
velocity  charged  particles and the  neutral-gas  particles,   the  present  design i s  
believed  to  be  superior  to  the  preliminary  design of  reference 3 because the  
neutral-gas  velocity i s  generally  supersonic  before  the  accelerator i s  s ta r ted .  
The coupling between the  10-kc d r ive   co i l  and the  plasma i s  a l so   be t te r ,   par -  
t i c u l a r l y  a t  the  small end of the  diverging  nozzle where the  gap between t h e  
primary c o i l  and the  iron  core i s  approximately 4 mm. 

Pressure Measurements 

Because of the  uncertainty of making pressure measurements i n  low-density 
plasma f lows,   the   pi tot-pressure  prof i les  were obtained  in   the l3-cm acceler- 
a t o r  with a 4.7-mm-diameter probe.  According t o  information  given i n   r e f e r -  
ence 14  ( f o r  a i r )  and in   reference 15 ( fo r   n i t rogen   a t  30000 K), t h e   e r r o r   i n  
pitot-pressure measurements due t o  v i scous   e f f ec t s   a t  low probe Reynolds number 
increases  with  decreasing  pressure.  In  the l3-m acce lera tor   the   e r ror  due t o  
viscous  effects  i s  neg l ig ib l e   a t  mass flow  rates above 0.25 g/sec  but  increases 
r ap id ly   a t   t he  lower mass flow  rates  corresponding t o   t h e  lower  pressures. 
Hence, the  pressure  data   are   considered  only  qual i ta t ively  correct   a t   the  lower 
mass flow  rates and are  not  analyzed  in  detail.   Furthermore,  the  pressures meas- 
ured  in  the  hot  f low  are  average  values  result ing from the  high-velocity  charged 
pa r t i c l e s  and the  low-velocity  neutral  gas. 

Except for   the   peak   va lue   a t   the   h ighes t  mass flow  rate (0.727 g/sec) ,   the  
p i to t -pressure   p rof i les   in   the  l3-m acce lera tor   ( f ig .  4) show an  increase  in  
pi tot   pressure when the  10-kc dr ive   co i l  i s  energized. The cold-flow  profiles 
i nd ica t e   t ha t  a r e l a t ive ly   t h i ck  boundary layer   bui lds  up on the   inner  w a l l  and 
that   the   f low  separates  from the   ou ter  w a l l  a s  it expands  through the  nozzle. 
In  the  hot-flow  profiles,   the boundary layer  near  the  core and the  separated 
flow on the  outer  wall have clearly  been  accelerated.   In  both  the  cold and hot 
flows  the  peak  pressures  occur  generally  near  the  core o r  inner  wall. The flow 
distribution  in  cold  f low  could be  improved considerably by dispensing  with  the 
core. However, the  core  increases  the  efficiency of the  accelerator  by 
increasing  the  voltage  induced  in  the  gas and a l so  by improving t h e  shape  of 
the  magnetic-field  distribution. Tests have indicated that  the  accelerator  will 
o2erate  without  the  core,  but  only  over a narrow  pressure  range  and  only when 
the  radio-frequency  coil  i s  l e f t  on t o  maintain  the  ionization. 

The data shown i n  figure 5 were obtained i n   t h e  l5-cm accelerator  with 
constant  voltage  sett ings on the  10-kc dr ive  coi l .   Increasing  the  vol tage from 
330 v o l t s   t o  400 v o l t s   r e s u l t e d   i n  an inc rease   i n  power output from the  gener- 
a t o r  of  about 50 percent,  and  increasing the voltage from 330 v o l t s   t o  440 v o l t s  
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15-cm-diameter  plasma  accelerator. 
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r e s u l t e d   i n  an  increase  in power output of approximately 100 percent. It i s  
apparent  that   the power  drawn varies  approximately as the  square  of  the  applied 
voltage. A t  a constant  voltage  setting,  the maximum power occurred a t  a mass 
flow r a t e  of  approximately  0.45  g/sec  and  the power decreased  as  the mass flow 
r a t e  and the  pressure were reduced.  This  reduction i n  power i s  consistent  with 
the  result   reported  in  reference 16 i n  an  induced  discharge. The  power drawn 
depends on such fac tors   as   the   in tens i ty  of the  discharge,  the  pressure,  and 
the speed  of the plasma. 

The s t a t i c   p r e s s r e  measured a t   t h e  w a l l  of the l5-cm accelerator is  a l so  
shown i n   f i g u r e  5. When the  accelerator  w a s  energized,  the  static  pressure 
increased,  except  for mass flow ra t e s  below 0.12  g/sec. The inc rease   i n   s t a t i c  
pressure i s  due t o  an  increase  in gas  temperature. From a mass flow r a t e  of 
0.55  g/sec  and a s ta t ic   pressure of approximately 0.30 mm Hg, t h e   r i s e   i n   s t a t i c  
pressure  increased  appreciably  with  an  increase  in mass flow rate.  This  abrupt 
r i s e  occurs a t   t h e  approximate  pressure  that  the  hot  flow i s  changing from the 
slip-flow  region  to continuum flow. A t  the  higher mass flow ra tes  and higher 
pressures,  the mean free  path  decreased and the  collision  frequency between the  
charged pa r t i c l e s  and the  neutral   gas  increased  with  the  result   that   the charged 
par t ic les   lose   the i r   d i rec ted  motion  and assume a random motion more rapidly 
than a t  low pressure, which causes  an  increase i n  the gas  heating  rate. 

Increasing  the 10-kc voltage from 330 v o l t s   t o  440 vol t s  had  a re la t ive ly  
small e f fec t  on the   s t a t i c   p re s su re   a t  a given mass f low  ra te   ( f ig .  5) .  How- 
ever,   the  increase  in  voltage caused  an  appreciable  increase i n  the maximum 
pi tot   pressure,  from about l3O percent  to  approximately 250 percent of the  cold- 
flow  value a t  a mass flow ra t e  of  0.425  g/sec as   the power varied from 10 t o  
20 kW. The largest   increase  in   the maximum pi to t   p ressures   a t  each  voltage 
l eve l  was 0.22 mm Kg a t  330 volts,  0.44 mm Hg a t  400 vol t s ,  and 0.68 mm Kg a t  
440 vol ts   as   the 10-kc power  was increased from 9.5 kW t o  14.5 kW t o  19.8 kW, 
respectively. It appears   tha t   the   l a rges t   increase   in   the  maximum pi to t   p res -  
su res   a t  each  voltage  level i s  approximately  proportional  to  the  increase  in 
power. 

With an  increase  in  voltage,   the  ratio of p i to t   p ressure   to   s ta t ic   p res -  
sure  also  increased,  as shown i n  f igure 6; t h i s   i nd ica t e s  an increase  in  Mach 
number and velocity  with  increasing  voltage. The increase  in  Mach  number would 
normally  occur i n  continuum flow  with a decrease in   the   s ta t ic   p ressure  and 
s t a t i c  temperature. However, adding  heat  energy t o  a supersonic  flow downstream 
from the  throat   tends  to   increase  the  s ta t ic   temperature  and the   s ta t ic   p ressure  
and t o  decrease  the Mach number. Since, a t  a given mass flow r a t e ,   t h e   s t a t i c  
pressure remained  approximately  constant  and  the Mach  number increased, it i s  
evident  that   the major pa r t  of the  addi t ional  power - t ha t  i s ,  the  increase  in  
power resu l t ing  from raising  the  supply  voltage from 330 v o l t s   t o  440 vo l t s  - 
contr ibuted  to   the  directed motion rather   than  to   the  thermal  motion. 

A t  each  voltage  level  there i s  a  mass-flow range fo r   t he  l5-cm accelerator 
within which the  hot-flow  pressure  ratio i s  greater  than  the  cold-flow  value. 
With an  increase  in   vol tage  this  mass-flow  range  extended to  higher mass flow 
rates .   In   general ,  it appears  that  with a power supply  having a higher  voltage 
and power capabili ty,   the  reglon of acceleration  could be extended t o  higher 
pressures. 



The p res su re   r a t io   ( f i g .  6 )  increased a t  t h e  two high  voltages (400 and 
440 v o l t s )  when the  mass flow rate of   the  accelerator  was decreased below 
0.12 g/sec; this   increase  indicated  an  increase  in  Mach number. The indicated 
increase   in   p ressure   ra t io  i s  p a r t l y  due t o  viscous  effects  on the   p i to t -  
pressure  tube a t  low Reynolds number.  However, viscous  effects  account a t  most 
f o r  an  increase in   pressure  ra t io   of   about  25 percent,  according t o  refer- 
ences 14 and 15. Therefore ,   th is   increase  in   pressure  ra t io   demonstrates   that  
a larger  percentage of the power in   the   d i scharge  i s  going in to   d i rec ted  motion, 
rather  than  thermal  motion, a t  mass flow  rates below 0.12 g/sec. A t  the  higher 
mass flow rates where the  pressure  ra t io   for   the  hot   f low i s  less than   t ha t   fo r  
the  cold  flow,  the  opposite  effect  occurs - t h a t  i s ,  a higher  percentage  of  the 
power in   the  discharge goes into  thermal motion rather   than  into  directed motion 
with a resultant  reduction  in Mach number and  an  increase in   s ta t ic   t empera ture .  
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Figure 6. - Variation of the   ra t io  of maximum  pitot  pressure to stat ic  pressure  with mass flow  rate in the  15-cm-diameter  plasma 
accelerator. 

Velocity Measurements 

The charged-particle  velocit ies,   obtained  with a p a i r  of photomultipliers 
placed  along  the  direction  of  the stream i n   t h e  l5-cm accelerator,   exhibited 
good repeatabi l i ty  a t  the mass flow  rates between 0.2 g/sec t o  0.72 g/sec 
( f i g .  7 ) .  A t  ma'ss flow  rates  less  than 0.2 g/sec,  the  charged-particle  veloc- 
i t i e s   d i d  not  exhibit good repeatabi l i ty  and from the appearance of the  photo- 
multiplier  records  the  accelerator w a s  beginning to   opera te   e r ra t ica l ly .  

The charged-particle  velocities  increased from 4,000 m/sec t o  20,000 m/sec 
as the  mass flow rate w a s  reduced from 0.725 g/sec t o  0.035 g/sec. The increase 
i n   v e l o c i t y  as the mass flow r a t e  i s  reduced ( f i g .  7 )  i s  d i r e c t l y   r e l a t e d   t o   t h e  
increase   in  mean free  path  with  decreasing mass flow r a t e   ( f i g .  8 ) .  The gas 
flow i s  in   the  t ransi t ion  region from s l i p  flow t o  Cree-molecule  flow a t  t he  
lower mass flow ra t e s ,  and the  coll ision  frequency between the  charged  particles 
and  the  neutral  gas  has  decreased. Hence, the  charged  par t ic les   re ta in  a high 
percentage of the i r   d i rec ted  motion  and a t ta in   h igh   ve loc i t ies .  
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Figure 7. - Variat ion of velocity with mass flow rate in the  15-cm-diameter  plasma  accelerator.  Output 
from  generator, 440 volts; pt = 5 to 40 mm Hy; p = 0.016 to 0.470 mm Hg; A* = 0.57 cm2. 

The average  velocities of the  neutral   gas and the  charged  particles,  shown 
in   f i gu re  7, were obtained from the  pi tot-pressure  prof i les  and the  vane deflec- 
t i ons .  For a constant  driving  voltage,  the  average  velocities were about 
25 percent  of  the  charged-particle  velocit ies  in  the l5-cm accelerator  and 
remained  approximately  constant  over  the  mass-flow  range  studied. However, the  
10-kc power input,  shown i n   f i g u r e  5, decreased a t  low mass flow ra t e s  and pres- 
sures .   I f   the  power leve l   a t ta ined  a t  mass flow  rates of about 0.45 g/sec  could 
be  maintained a t  low mass flow  rates, the percentage of ionization would have t o  
increase and the  average  velocit ies would then  approach the  charged-particle 
ve loc i t ies .   In   o rder   to   rea l ize   th i s   condi t ion ,  a power supply  having a greater  
voltage  capabili ty would be  required. The l imitat ions of t he  10-kc-motor  gen- 
erator   are   discussed  in   reference 3. 

The l5-cm accelerator  w a s  operating somewhat e r r a t i c a l l y  a t  mass f l o w  r a t e s  
below 0.20 g/sec,   possibly  as a r e s u l t  of t he  loss of ionizat ion by diffusion 
t o   t h e   w a l l s  a t  low pressures .   In   order   to   reduce  the  ionizat ion  losses   to   the 
walls as w e l l  a s   t he   f r i c t iona l   l o s ses  and to  increase  the  induced  voltage,   the 
10-cm accelerators  were constructed  with a shorter  duct between the  nozzle 
throa t  and the  vacuum chamber, as shown i n   f i g u r e  2. 

The  10-cm accelerators   operated  a t  mass flow  rates below those  of  the 
l5-cm accelerator,  and the   ve loc i ty  measurements exhibi ted  bet ter   repeatabi l i ty  



Mass flow rate, m,g/sec 

Figure 8. - Variation of the  m-.  I free  path of the  neutral  part icles  with mass  flow  rate in the 15-cm-diameter  plasma  accelerator  with 
440-volt output  from  generator. 

at  the  low mass flow  rates.  (See  figs. 7 and 9. ) A typical  photomultiplier 
record  is  shown  in  figure  lO(a)  for  the  10-cm  accelerators.  At mass flow  rates 
less  than 0.007 g/sec,  the  10-cm  accelerators  operated  erratically  as  shown  by 
the  photomultiplitr  record  in  figure 10(b). This  erratic  operation  is  similar 
to  that  of  the  l5-cm  accelerator  at  low mass flow  rates  and  is  apparently  due 
to  the  failure  of  the  plasma  to  conduct  uniformly  on  every  cycle  at  low  pres- 
sures. If the mass flow  rate  is  reduced  further,  the  accelerator  begins  to 
turn  on  and  off  very  rapidly  in a fraction  of  a  millisecond  until  it  stops 
operating  when  the  voltage  available  cannot  sustain  the  discharge  at  the  low 
pressure. 

At mass flow  rates  above  approximately 0.05 g/sec,  the  photomultiplier 
records  indicate  a  fluctuation  in  the  flow,  as  shown  in  figure  lO(c).  The fluc- 
tuation  in  the  flow  was  verified by high-speed  motion  pictures  at 7,500 frames 
per  second  which  indicated  that  the  discharge  was  fluctuating  circumferentially 
and may be  similar  to  the  phenomena  that  occurred  in  reference 2 in  a  pulse- 
type  accelerator.  When  the  accelerator  was  operating  in  this  fluctuating  con- 
dition,  the  results  were  ambiguous  and  no  charged-particle-velocity  measurements 
were  obtained. 
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Figure 9 shows  that  the  charged-particle  velocities in  the  10-cm  acceler- 
ators  exhibited  the  same  characteristic  discussed  for  the  charged-particle 
velocities  in  the  l5-cm  accelerator - namely,  the  velocity  increased  as  the 
mass flow  rate  was  reduced.  However,  higher  velocities  were  generally  obtained 
in  the  10-cm  accelerators.  The  charged-particle  velocity  increases  approximately 
as  the  fourth  root  of  the  generator  power  output  (figs.  9(b)  and 9( c) ); this  is 
consistent  with  the  theory  of  reference 17. The  highest  velocities  were  obtained 
in  the  10-cm  accelerator  with  the  smallest  throat  area  and  the  largest  pressure 
ratio  (fig. 9(a)). The  maximum  charged-particle  velocity  was 40,000 m/sec  at a 
mass flow  rate  of  approximately 0.01 g/sec. 

Thrust 

The  momentum  thrust  and  the  total  thrust  in  the  15-cm  accelerator  are  shown 
in  figures  ll(a)  and  ll(b),  respectively. For comparison,  the  ideal  thrust  Fi 
that  would  be  obtained  if  the  entire  flow  were  moving  at  the  charged-particle 
velocity  was  calculated  and  is  also  shown  in  figure 11. In general,  the  momen- 
tum  thrust  (fig.  ll(a) ) increased  with  increasing  mass  flow  rate  until  it 
reached a maxim at  about 0.60 g/sec  and  then  it  began  to  decrease. 

The  general  effect  of  adding  the  pressure  thrust  to  the  momentum  thrust 
(fig. 11( b))  was  small  at  low mass flow  rates  but  increased  appreciably  at  high 
mass  flow  rates  because  of  the  increase  in  pressure.  The  pressure  increase 
caused  the  hot-flow  total  thrust  to  continue  to  increase  with  increasing  mass 
flow  rate  to a value  of  about 14 x 104 dynes  at  the  highest  mass  flow  rate  of 
0.78 g/sec.  The  highest  ideal  thrust Fi occurred  at a mass  flow  rate of 
0.60 g/sec  and  was  about 39 x 10 4 dynes,  whereas  the  actual  thrust  from  the 
pressure  and  vane  measurements  was  about 14 x lo4 dynes or 36 percent  of  the 
highest  value  of  Fi.  Pressure  and  vane  measurements  were  not  obtained  at  mass 
flow  rates  below 0.10 g/sec,  where  the  charged-particle  velocity  was  about 
20,000 m/sec. If a linear  variation  of  thrust  with  mass  flow  rate  is  assumed 
in  figure  ll(b) , the  total  thrust  would  be  approximately 2 X lo4 dynes  at a mass 
flow  rate  of o .05 g/sec. 

The  variation  of  the  ideal  thrust  Fi  with mass flow  rate  in  the  10-cm 
accelerator  is  shown  in  figure 12. The  momentum  thrust  is  not  shown  separately 
since  the  data  for  the  10-cm  accelerators  were  obtained  at  low  pressures  and 
the  pressure  thrust  was  small. In general,  the  ideal  thrust  Fi  increased  with 
increasing  mass  flow  rate,  corresponding  to  the  variation  in  thrust  with  mass 
flow  rate  in  the  l5-cm  accelerator  at  low  mass  flow  rates  (fig. 11). The  thrust 
Fi  was  highest  in  the  10-cm  accelerator  with  the  smallest  throat  area 
(fig.  12(a)) and  varied  from 2.5 x 104 dynes  to 8.7 x lo4 dynes  as  the  mass  flow 
rate  varied  from 0.007 g/sec  to  about 0.058 g/sec.  At  the  maximum  charged- 
particle  velocity  of 40,000 m/sec  in  the  10-cm  accelerator,  the  thrust  Fi 
shown  in  figure  12(a)  at a mass flow  rate  of 0.007 g/sec  is  approximately 
2.5 X lo4 dynes. No pressure or vane  measurements  were  obtained  in  the  10-cm 
accelerator  and,  therefore,  the  actual  thrust  is  not  known. If the  thrust  is 
assumed  to  be  approximately 30 percent  of  Fi  as  for  the  l5-cm  accelerator  at 
the  low  mass  flow  rates,  the  actual  thrust  would  be  approximately 7 x 103 dynes 
at a mass  flow  rate  of 0.007 g/sec. 
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Figure 9. - Concluded. 
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(a) m = 0.0098 g/sec; pt = 1.78 m m  Hg; p = 0.010 m m  Hg; 

A = 0.51 cm ; oscilloscope sweep, 5 pec/cm. 
.k 2 

(b) i = 0.0051  g/sec;  pt = 1.03 m m  Hg; p = 0.003 m m  Hg; 

A = 0.31 cm ; oscilloscope sweep, 50 psec/cm. 
x 2 

(c) m = 0.110 g/sec; pt = 9.50 mm Hg; p = 0.046 mm Hg; 

A = 0.51 cm ; oscilloscope sweep, 10 pec/cm. 

Figure 10. - Typical  oscilloscope  traces  obtained  from  10-cm-diameter  plasma  accelerators  with two photomult ipl iers placed longitudinal ly 
along  the  direct ion of flow. Photomult ipl ier spacing, 8.25  cm; power output  from  generator, 26 kW. 
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''_ CONCLUDING FEMAFKS 

From an  exgerimental  investigation  of  continuous-flow  induction plasma 
accelerators  using a 10-kc  driving  coil  on supersonic  nozzles,  the  following 
remarks are indicated: 

A t  low mass flow rates, the  pitot  pressure  increased  over  the  cold-flow 
value when the  accelerator  was turned on. The m a x i m u m  increase  obtained w a s  
250 percent. A t  high mass flow  rates and  pressures,  the  heating  of  the  super- 
sonic  flow w a s  su f f i c i en t   t o  lower the  Mach number. Pressure-probe measurements 
indicated that t h e   e n t i r e  flow,  including  the  boundary  layer and separated-flow 
region, was accelerated.  

Direct  velocity measurements with  photoelectric  detectors  indicated  that  
the  charged-part ic le   veloci t ies   increased  as   the mass flow rate was reduced  and 
as t h e  power  was increased.  For a constant  driving  voltage,  the  average  veloc- 
i t y  was about 25 percent  of  the  charged-particle  velocity  in  the 15-cm-diameter 
accelerator  and  remained virtually  constant  over  the mass-flow  range  studied. 
The maxim  charged-part ic le   veloci ty  was 20,000 m/sec i n   t h e  15-cm-diameter 
accelerator  and 40,000 m/sec i n   t h e  10-cm-diameter accelerator.  

Values of average  velocity and thrust   obtained from  vane  measurements com- 
pared w e l l  with  those  obtained from pressure measurements. The  maximum ac tua l  
thrust   obtained was 14 X lo4 dynes. 

A t  mass flow rates below 0.007 g/sec  the  accelerator  operation became 
errat ic ,   apparent ly  a failure of  the plasma t o  conduct  uniformly on every  cycle 
a t  low pressures .   In   the 10-cm-diameter acce le ra to r s ,   a t  mass flow rates above 
0.05  g/sec  there was evidence  of a circumferential   f luctuation  in  the  f low. 

The t rend of the  data indicates   that ,   wi th  a power supply  having a higher 
voltage and power capabi l i ty ,   h igher   veloci t ies  and thrusts  could be  produced 
and tha t   the   reg ion  of acceleration  could  be  extended to  higher  pressures.  

Langley  Research  Center, 
National  Aeronautics  and Space Administration, 

Langley Stat ion,  Hampton, V a . ,  September 18, 1964. 
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